FGFR2 gene amplification, and resulting FGFR2 protein overexpression, is rare in gastric cancer patients, and development of an accurate and widely available method for mass screening to identify patients who may respond to treatment with fibroblast growth factor receptor (FGFR) inhibitors is important. We first screened 312 gastric cancer patients with known copy number variations by FGFR2b immunohistochemistry using FPR2-D, an isoformspecific antibody. Next, we performed immunohistochemistry on tissue microarrays from 1574 gastric cancer patients. Selected cases were analyzed for FGFR2 amplification by FISH. In addition, FGFR2b overexpression was studied in 88 matched primary and metastatic gastric cancers. In the first cohort, FGFR2b immunohistochemistry results correlated very well with those of copy number variation (r = 0.79) and FISH (r = 1.0). In total, FGFR2b overexpression was identified in 73 of 1974 gastric cancers (4%). The concordance between immunohistochemistry and FISH was extremely high; all 2+ and 3+ cases identified by immunohistochemistry were FGFR2 amplified. In the matched primary and metastatic gastric cancer pairs, the positivity and percentage of positive tumor cells were significantly higher in metastatic gastric cancers than in primary gastric cancers (8% vs 3% and 75% vs 47%, respectively; Po0.001). FGFR2b overexpression was significantly more frequent in gastric cancers with diffuse subtype (P = 0.01) and higher N stage (P = 0.006). FGFR2b overexpression with H-score ≥ 150 were independent prognostic factors for overall survival with hazard ratio of 1.836 (95% confidence interval, 1.034-3.261; P = 0.038). FGFR2b positivity in immunohistochemistry was strongly correlated with FGFR2 amplification. Given the low frequency of FGFR2 amplification in gastric cancers, FGFRb2 immunohistochemistry is an accurate screening tool to detect FGFR2 amplification, and both primary and metastatic gastric cancer tissues should be tested to select gastric cancer patients for treatment with FGFR2 inhibitors. Gastric cancer is the second most common cause of cancer-related deaths worldwide, and the prognosis of advanced gastric cancer is still poor. 1 Several large-scaled clinical trials have failed to demonstrate survival benefits of targeted therapeutic agents in patients with metastatic gastric cancer. Nevertheless, the REGARD trial demonstrated significantly longer progression-free survival of gastric cancer patients treated with ramucirumab, a monoclonal antibody against vascular endothelial growth factor receptor 2, compared with that of patients in the placebo group. 2 This was the first trial to demonstrate a meaningful benefit for a monotherapy in metastatic gastric cancer. The RAINBOW trial, which compared the efficacy of paclitaxel with or without ramucirumab in second-line chemotherapy, showed prolonged
overall survival in the paclitaxel and ramucirumab group. 3 Thus, after a decade of repeated failures of most targeted agents, except HER2, in showing survival benefits in gastric cancer, these positive trial results have opened a new era for exploring targeted agents for the treatment of gastric cancer. 4, 5 Fibroblast growth factor receptors (FGFRs) are transmembrane tyrosine kinase receptors, and binding of ligands to FGFRs leads to activation of the downstream PI3K-AKT and MAPK-ERK pathways. 6 Dysregulation of the FGFR2 signaling pathway because of accumulation of epigenetic modifications and genetic alterations is associated with the development and progression of various cancers. 7, 8 Preclinical data suggest that FGFR2 signaling is necessary for tumor lymphangiogenesis and metastatic spread. 9 Moreover, activation of the FGFR2 pathway is required for the growth of gastric cancers with FGFR2 gene amplification both in vitro and in vivo. 10 The FGFR2 gene undergoes alternative splicing in the third immunoglobulin domain, leading to two different isoforms of the FGFR2 receptor, FGFR2b and FGFR2c, with different FGF ligand binding. In FGFR2-amplified gastric cancer, it is the FGFR2b isoform that is overexpressed. 11 In previous studies, the frequency of FGFR2 amplification varied from 3 to 9% depending on the testing methods. 4, 5, [12] [13] [14] [15] [16] [17] [18] The prevalence rates also varied between countries-7% in the United Kingdom, 5% in China, and 4% in Korea-using the same FISH test analyzed in one core laboratory. 18 Nevertheless, the frequency of FGFR2 overexpression detection by immunohistochemistry ranged from 31% up to 51%-which were considerably higher than the incidence of FGFR2 amplifica tions. [19] [20] [21] [22] In this large-scale study comprising of+1900 gastric cancer patients, we have used a sensitive and specific monoclonal antibody against the b-isoform of FGFR2, a known driver of gastric cancer. The aims of this study were (1) to assess the correlation between FGFR2b protein overexpression and FGFR2 amplification; (2) to compare FGFR2b protein overexpression between primary and metastatic sites; (3) to evaluate the correlation between H-score of FGFR2b expression and prognosis in gastric cancer.
Materials and methods

Patients and Study Design
The discovery cohort comprised 312 gastric cancer samples that had been sequenced as previously reported. 4 In all cases, we performed immunohistochemistry using tissue microarrays. In cases showing FGFR2 copy number gains (≥ 4) in the SNP array analysis and 30 randomly selected FGFR2b immunohistochemistry-negative cases, we performed FISH to validate FGFR2b immunohistochemistry results. After validation, we performed FGFR2b immunohistochemistry in 1584 gastric cancers from four tissue microarray sets from previous studies (Figure 1 ). [23] [24] [25] Of the 1584 specimens, FGFR2b immunohistochemistry was successfully performed in 1574 cases. The samples were obtained from patients who underwent surgical resection for primary gastric cancer at the Samsung Medical Center, Seoul, Korea, between 1996 and 2006. Finally, we performed immunohistochemistry on the primary gastric cancer-and metastatic lymph node-matched pairs from 88 gastric cancer patients. In cases with FGFR2b overexpression, whole tissue blocks were retrieved for repeated immunohistochemistry and FISH. In addition, we randomly selected 35 immunohistochemistry negative (0) cases from cohort 2 and performed FISH in all cases with entire block. Clinicopathological information, including age, sex, WHO histologic type, Lauren classification, pT, pN, pM stage, and survival data, was evaluated by reviewing the medical records. Patients lost to follow-up or who died of causes other than gastric cancer were censored for the survival analysis at the last follow-up. The study was approved by the Institutional Review Board of Samsung Medical Center (2014-1-136).
FGFR2b Immunohistochemistry
FGFR2b immunohistochemistry was performed manually using the primary FGFR2b antibody (FPR2-D provided by Five Prime Therapeutics; 1:200 dilutions). This is a recombinant IgG2a mouse monoclonal antibody that recognizes only the FGFR2b isoform. Formalin-fixed paraffin-embedded tumor samples were freshly cut to 4-μm-thick sections and dried at 60 ℃ for 30 min. Antigen retrieval was performed for 20 min using the LOW buffer (pH 6.0) in a 97 ℃ water bath. Endogenous peroxidase blocking was conducted for 5 min. Samples were incubated with the primary antibody for 60 min in room temperature. Subsequently, the sections were incubated with Peroxidase/DAB-10 min K5007 from the DAKO Envision TM Detection Kit (DAKO, Glostrup, Denmark) for 30 min. The immunohistochemistry results were scored independently by two pathologists (ASM and KMK).
For tissue microarrays with multiple cores, staining in at least a tumor cluster (45 tumor cells) was regarded as positive. The staining intensity and proportion of positive tumor cells were recorded for whole slides. An intensity score of 3+ was given when strong membranous and cytoplasmic staining was observed in × 4 magnification (Figure 2a ). The score was 2+ when membranous and cytoplasmic staining was observed in × 10 or × 20 magnification (Figure 2b ), and the intensity was rated as 1+ when weak cytoplasmic staining and/or membranous staining was detected under × 40 magnification (Figure 2c ). Immunohistochemistry samples were further analyzed semi-quantitatively using the H-score. Briefly, the H-score is the sum of the percentage of stained tumor cells multiplied by an ordinal value corresponding to the intensity (0 = none, 1 = 1+, 2 = 2+, and 3 = 3+) and ranges from 0 to 300. 26 
FGFR2 FISH
The immunohistochemistry-positive areas of tumor formalin-fixed paraffin-embedded blocks were subjected to FISH. Tumor sections were cut to 1 μm thickness, followed by deparaffinization with the pretreatment reagent (Abbott, 30-801250) at 80°C for 30 min. Protease digestion procedures were performed using the protease reagent (Abbott, 30-801255) at 37°C for 20 min. FGFR2 probes (LSI FGFR2 Spectrum Orange Probe, 08N42-020) and CEP 10 (Spectrum Green Probe, 06J37-020) from Vysis (Abbott Molecular, Illinois) were hybridized at 73°C for 5 min and 37°C for 20 h. After hybridization, the slides were washed in 2 × saline-sodium citrate/0.3% NP-40 at 72°C for 5 min, air dried, and counterstained with 4′,6-diamidino-2-phenylindole (DAPI) I and DAPI II (Abbott Molecular). The slides were examined under a fluorescence microscope equipped with Spectrum Texas Red with isothiocyanate and DAPI filters. The FGFR2/CEP 10 ratio were established after counting at least 50 tumor cell nuclei. An FGFR2/CEP 10 ratio higher than 2.0 was interpreted as gene amplification positive. FGFR2 gene copy numbers more than 4 without gene amplification were interpreted as FGFR2 polysomy.
Statistical Analysis
Statistical analysis was performed using SPSS version 18.0 (SPSS, Chicago, IL, USA) and R software (version 2.12.0 for windows). Correlation between the results of immunohistochemistry, FISH, and Affymetrix SNP 6.0 Arrays was also determined by correlation coefficient test. The average percentage of positive tumor cells in gastric tissues and lymph nodes were compared by Student's t-test. Contingency tables and χ 2 tests were used to compare the positivity between gastric tissues and lymph nodes in matched pairs. Contingency tables and χ 2 tests were also used to correlate FGFR2 amplification status with clinicopathologic variables. Survival was measured from the date of surgery. Overall survival was determined using the Kaplan-Meier method, and survival curves were compared using the log-ratio method. We evaluated the prognostic value of H-score every 10 point. Multivariate analysis was performed by Cox proportional hazards regression modeling. A P-value o 0.05 was considered significant.
Results
Validation of FGFR2b Immunohistochemistry in the Discovery Set
In the discovery set (n = 312), 9 gastric cancers (3%) were rated 3+ for FGFR2b overexpression by immunohistochemistry, and all of these showed FGFR2 gene amplification in FISH. Out of the nine FGFR2b immunohistochemistry-positive gastric cancers, seven showed FGFR2 copy number ≥ 5 in the SNP array analysis, whereas the remaining two cases showed no copy number gains (Supplementary Table 1 ). Two FGFR2-amplified and FGFR2b-overexpressed gastric cancer samples were from female patients (aged 52 and 53 years); these samples had a diffuse histologic type by Lauren classification, the tumor cell population was around 60%, and the FGFRb2 immunohistochemistry-positive areas were 30% and 50%, respectively. Of the 26 cases with FGFR2 copy number ≥ 4 in SNP array analysis, we found both FGFR2b overexpression and gene amplification in 7 cases with copy number ≥ 5. However, 19 cases with copy number o5 were negative in both immunohistochemistry and FISH (Supplementary Table 2 ). None of the 30 selected cases with FGFR2b immunohistochemistry score of 0 and no copy number gain in the SNP array analysis showed gene amplification in FISH. The correlation coefficient between immunohistochemistry and FISH was 1.0 (Po0.001) and between SNP 6.0 array and FISH was 0.79 (Po0.001).
In addition, immunohistochemistry results for HER2, EGFR, MET, and TP53 were available for analysis in 285 cases of the previously published cohort. 4 Of 285 patients, HER2 positivity was found in 34 gastric cancers (12%), EGFR was overexpressed in 14 gastric cancers (5%), and MET was overexpressed in 9 gastric cancers (3%). In nine gastric cancers with FGFR2b overexpression, stainings for EGFR, HER2, and MET were all negative, whereas P53 staining was positive in six cases. Epstein-Barr virus was detected in two gastric cancers with FGFR2b overexpression.
FGFR2b Immunohistochemistry and FISH in 1574 Primary Gastric Cancers
Next, we tested FGFR2 positivity using FGFR2b antibody for immunohistochemistry in 1584 gastric cancer cohort without any information available for FGFR2 amplification (Figure 1 ). Of the 1584 specimens, FGFR2 immunohistochemistry was successfully performed in 1574 cases. Of these, 4% (n = 57) showed FGFR2b overexpression (3+, 15; 2+, 24; 1+, 18). In all 57 gastric cancers with FGFR2b overexpression, FGFR2b immunohistochemistry and FISH were performed on the entire tumor blocks. In many cases, we observed remarkable intratumoral heterogeneity: out of 57 immunohistochemistrypositive cases, 40 (70%) showed positivity in o50% of the tumor volume, and 14 (25%) showed positivity in o10% of the volume. Six of eighteen cases that were scored as 1+ on tissue microarray analyses were scored as 2+ or 3+ in subsequent analysis of the entire tumor sections. Finally, of 1574 cases, 18 cases were rated 3+; 27 cases, 2+; and 12 cases, 1+.
There was a high correlation between FGFR2 gene amplification by FISH and FGFR2b immunohistochemistry scores (Supplementary Figure 1) . Importantly, all gastric cancer patients with FGFR2b 2+ and 3+ by immunohistochemistry were confirmed to be FGFR2-amplified by FISH. The average copy numbers ranged from 2 to 100 for FGFR2b immunohistochemistry-positive gastric cancers. The average FGFR2 copy numbers were 64.2 (average FGFR2/CEP 10 ratio: 32.1) for immunohistochemistry 3+ cases, 38.48 (ratio average: 19.24) for 2+ cases, and 10.16 (ratio average: 4.84) for 1+ cases. Particularly, high FGFR2 amplification (FGFR2/CEP10 ≥ 15; dark red bar in Supplementary Figure 1) was observed in 94% of immunohistochemistry 3+ cases, 48% of 2+ cases, and 8% of 1+ cases. Six of twelve immunohistochemistry 1+ cases showed no FGFR2 amplification (n = 3) or showed polysomy without amplification (n = 3). None of the randomly selected 35 cases with FGFR2b immunohistochemistry score of 0 showed FGFR2 amplification by FISH.
In total (n = 1974), FGFR2 amplification by FISH was observed in 100% of the immunohistochemistry 2+ or 3+ 60 cases and 54% of 13 immunohistochemistry 1+ cases (Figure 1) . Hence, 3% (n = 67) of 1974 gastric cancer patients screened had both FGFR2b protein overexpression (1+ to 3+) and FGFR2 amplification.
FGFR2b Expression in Paired Primary and Metastatic Gastric Cancers
Eighty-eight matched pairs of primary gastric and metastatic lymph node tissue were evaluated for FGFR2b expression. Seven (8%) cases showed FGFR2b overexpression in either primary or metastatic gastric cancers; 3 (3%) cases were positive in both primary and the paired metastatic sample; and 4 (5%) cases were positive only in metastatic lymph nodes. Interestingly, FGFR2b overexpression was more frequently observed in metastatic lymph nodes (8%) than in primary gastric cancers (3%; P o 0.001).
We extended our study with adding 29 FGFR2b-positive pairs of primary and metastatic tumor from cohort 1 and 2. When evaluating the whole sections of total 32 FGFR2b-positive pairs of primary and metastatic tumor, the percentage of positive tumor cells in metastases (median 80%, mean 75%) was significantly higher than that in primary gastric cancer tumor (median 35%, mean 47%; P o 0.001; Figure 3a ). H-scores in metastatic lymph node (median 175, mean 170.2) were also higher than those in matched primary gastric tissue (median 60, mean 103.3; P o 0.001; Figure 3b ). As we observed significantly increased H-scores in metastatic lymph nodes compared with primary gastric cancers, we extended our study using entire tumor blocks from the primary gastric cancers. For this purpose, we selected five FGFR2b-positive gastric cancers with marked H-score differences between primary and metastatic tumors (H-score in primary gastric cancero 50, H-score in metastatic lymph node 4100). We confirmed the heterogeneity present in different primary tumor blocks with increase of H-scores in their metastatic lymph nodes. In detail, H-scores were 0-130 (mean 45.6), 0-50 (mean 18.8), 10-160 (mean 61.8), 0-21 (mean 8.5), and 0-30 (mean 10) in primary gastric cancers and 210, 270, 210, 130, and 210 in metastatic lymph nodes, respectively.
Out of 73 cases with FGFR2b overexpression, we found lymphatic tumor emboli in 40 cases. Interestingly, 37 (93%) of 40 gastric cancer tumor cells within lymphatic tumor emboli showed FGFR2b overexpression. In one case with FGFR2b-positivity in 3% of tumor volume, the positive staining was localized to the lymphatics (Figure 3c ). On the other hand, the majority of metastatic lymph node tumors showed FGFR2b overexpression (Figure 3d ).
Clinicopathological Characteristics of FGFR2b-Overexpressed Gastric Cancers
Clinicopathological characteristics of 1974 patients with primary gastric cancer according to FGFR2b overexpression are described in Table 1 . FGFR2b overexpression was significantly more frequent in cases with poorly differentiated (P o 0.001) and diffuse type histology as per Lauren classification (P = 0.010). The FGFR2 overexpression was more frequent in tumors at higher pN stages (P = 0.006).
There was no significant difference between in overall survival between patients with FGFR2b overexpression and no FGFR2b expression. However, gastric cancer patients with FGFR2b overexpression with H-score ≥ 150 showed significantly shorter overall survival than others (P = 0.001; Figure 4 ). In multivariate analyses, high H-score (≥150) was an independent prognostic factor with hazard ratio of 1.836 (95% confidence interval, 1.034-3.261; P = 0.038; 
Discussion
FGFR2 has emerged as a potential therapeutic target in gastric cancer, and several small-molecule inhibitors and antibodies for FGFRs are currently undergoing clinical trials. 27 In this study, we used a novel FGFR2b primary antibody to predict gene amplification by immunohistochemistry and found FGFR2b overexpression in 4% of gastric cancers, and 92% of these cases were confirmed to be FGFR2 gene amplified by FISH, confirming that it is the FGFR2b isoform, and not the FGFR2c isoform, predominantly expressed in FGFR2-amplified gastric cancer. 11 We found an excellent correlation between immunohistochemistry and FISH results. Given that several FGFR inhibitors are now in under clinical trials for treatment of metastatic or unresectable gastric cancer harboring FGFR2 amplification or FGFR2b overexpression, our FGFR2b immunohistochemistry can be a powerful tool for massive screening of this small subset of gastric cancer patients. FISH is the gold standard method to detect gene amplification. However, it is expensive, laborious, and requires specialized fluorescence microscopy equipment. 28 In contrast, immunohistochemistry is available in most laboratories and offers more advantages in terms of cost-effectiveness. There have been few reports on the correlation between FGFR2 amplification and protein overexpression by immunohistochemistry. 16, 17 However, the previously reported FGFR2 immunohistochemistry results did not perfectly correlate with FGFR2 amplification because almost all of the commercially available FGFR2 antibodies are made to intracellular epitopes and cross react with other FGFRs-like FGFR1. Given the rarity of FGFR2 amplification in gastric cancer, an accurate assay that can be used clinically for massive screening is urgently needed. In the initial screening cohort with SNP array data available, 4 we found two cases with FGFR2 amplification by FISH and FGFR2b protein overexpression, but no FGFR2 copy number gain in SNP array. Of note, these two FGFR2-amplified and FGFR2b-overexpressing gastric cancers had diffuse-type histology with heterogeneous FGFR2b overexpression. This discrepancy between SNP array and FISH may be due to a small population of FGFR2-amplified cells within tumors and subsequent contamination with normal cells. Based on our present and previous findings, 29 FGFR2 screening with immunohistochemistry may be more sensitive to select FGFR2-amplified gastric cancer patients when compared with genomic sequencing, especially in diffuse-type gastric cancer patients. In 19 cases with copy number gain by SNP but negative in both immunohistochemistry and FISH, the estimated copy number in SNP array was o 5 in all cases. So, we presume that copy number 4 in SNP results needs caution for interpretation.
The prognostic significance of FGFR2 amplification and its association with other clinicopathological factors in gastric cancer patients are varied. 13, 18 In this large-scale study with 1974 gastric cancer patients, FGFR2 amplification and FGFR2b overexpression were more commonly identified in poorly differentiated tumors with diffuse histology, which is different from other reports. 4, 15 Diffuse histology was found in most tumors with high 15 In this study, although FGFR2 amplification itself was not associated with overall survival, FGFR2b overexpression with high H-score showed strong prognostic value for survival. Considering the controversial clinical significance and high intratumoral heterogeneity of FGFR2 amplification in gastric cancer, 13, 18 the extent of FGFR2b overexpression, rather than the presence of FGFR2 amplification itself, may be a better predictor of patient survival. Because FGFR2 FISH assays traditionally only examine a small portion of the tumor, whereas immunohistochemistry assays provide data on the entire tumor section, immunohistochemistry may be a better assay to cover intratumoral heterogeneity. Our study demonstrates that patients with high FGFR2b immunohistochemistry H-scores had a poorer prognosis than other patients, and these patients would be good candidates for FGFR-targeted therapy.
Based on these results, we propose using FGFR2b immunohistochemistry, instead of FISH, for screening to identify gastric cancer patients harboring FGFR2 amplification for two reasons. First, immunohistochemistry and FISH showed excellent correlation. All 2+ and 3+ immunohistochemistry cases showed FGFR2 amplification and staining intensity also correlated with the degree of gene amplification. Second, given the marked intratumoral heterogeneity of FGFR2 amplification, it is important to select positive areas with immunohistochemistry and confirm amplification in these areas by FISH. Performing FISH on randomly selected tumor areas may increase the probability for false-negative results.
Intriguingly, analysis of paired primary and metastatic gastric cancer tumors revealed more FGFR2b-positive tumor cells in metastases than in primary gastric cancer. Considering the marked heterogeneity and low frequency of FGFR2 amplification, this frequency of FGFR2b overexpression within lymphatic tumor emboli is noteworthy. Based on these results and preclinical studies, FGFR2 amplification may play important roles in tumor progression, particularly in lymphangitic metastasis of a subset of gastric cancers, and the potential therapeutic effect from targeted therapy can be expected in patients with this gastric cancer subset. 9 Moreover, FGFR2b overexpression rate was higher in metastatic lymph nodes than in primary tissue. Despite the small number of cases, H-scores in metastatic lymph node were also much higher than those in matched primary gastric tissue. Considering that high H-score (≥150) indicated poor prognosis and such tumors are expected to respond better to FGFR2 inhibitors, performing immunohistochemistry on investigating lymph nodes might increase the chance of identifying patients with high H-score.
This study used tissue microarrays for the first screening of FGFR2 expression. As we observed marked intratumoral heterogeneity present in gastric cancers, the prevalence of FGFR2b overexpression in our study might have been underestimated.
In conclusion, our new FGFR2b immunohistochemistry assay is an accurate screening tool to predict FGFR2 amplification, and whenever feasible, both primary and metastatic gastric cancer tissues should be tested when selecting gastric cancer patients for treatment with FGFR2 inhibitors. Currently, FPA144, an antibody against FGFR2b, is being investigated under a phase I clinical trial with gastric cancer patients who were found positive for FGFR2b overexpression by immunohistochemistry (clinicaltrials.gov; NCT#02318329).
